ABSTRACT: HOBr, formed via oxidation of bromide by free available chlorine (FAC), is frequently assumed to be the sole species responsible for generating brominated disinfection byproducts (DBPs implicate BrCl, BrOCl, and Br 2 , respectively, as brominating agents. As equilibrium constants for the formation of Br 2 O and BrOCl (aq) have not been previously reported, we have calculated these values (and their gas-phase analogues) using benchmark-quality quantum chemical methods [CCSD(T) up to CCSDTQ calculations plus solvation effects]. The results allow us to compute bromine speciation and hence second-order rate constants. Intrinsic brominating reactivity increased in the order: HOBr ≪ Br 2 O < BrOCl ≈ Br 2 < BrCl. Our results indicate that species other than HOBr can influence bromination rates under conditions typical of drinking water and wastewater chlorination.
■ INTRODUCTION
The presence of bromide in waters undergoing chlorine disinfection can result in the formation of brominated disinfection byproducts (DBPs).
1−3 Brominated DBPs are of concern due to their elevated toxicity relative to many of their chlorinated analogues. 4 Understanding the formation pathways of brominated DBPs may help in minimizing their generation; this requires a comprehensive understanding of the chemistry of aqueous brominating agents.
In solutions of free available chlorine (FAC), bromide is rapidly oxidized 5 yielding HOBr and OBr − as the major products: 
Br 2 and BrCl are frequently overlooked when bromination reactions are discussed in the environmental literature. An important exception is the work of Voudrias and Reinhard, 9, 10 who determined Br 2 and BrCl to be a factor of 2300 and 4.9 × 10 6 , respectively, more reactive than HOBr in brominating p-xylene. Br 2 O and BrOCl have been characterized in the gas phase via UV−vis absorption spectroscopy. 12−14 Br 2 O has also been identified within stratospheric aerosols, including ice 15 and sulfuric acid droplets. 16 To our knowledge, no previous studies have demonstrated the ability of BrOCl or Br 2 O to influence rates of DBP precursor bromination. Their omission from prior consideration may reflect the absence of any experimentally or computationally derived stability constants governing their formation in aqueous solution (e.g., K 4 and K 5 ).
Despite the tendency in the literature to implicate HOBr as the predominant brominating agent of DBP precursors (e.g., refs 2 and 17), HOBr is likely to be inherently less reactive than most of the other bromine species described above. In electrophilic aromatic substitutions involving HOBr, OH − must be expelled as the leaving group (Scheme 1). OH − is anticipated to be a poorer leaving group than Cl − (from BrCl), OCl − (from BrOCl), OBr − (from Br 2 O), and Br − (from Br 2 ). As leaving group ability increases, the electrophilicity of the halogenating atom is anticipated to increase, which may also contribute to enhanced rates of bromination. Accordingly, despite the low concentrations anticipated for BrCl, BrOCl, Br 2 O, and Br 2 under drinking water (DW) treatment conditions, we hypothesize that these potentially potent brominating agents can influence rates of DBP precursor bromination in much the same way that Cl 2 O and Cl 2 have been shown to represent more reactive chlorinating agents of organic compounds than is HOCl. 9, 18, 19 The goal of the current work is to delineate the contributions of individual bromine species (HOBr, BrCl, BrOCl, Br 2 O, and Br 2 ) during bromination of the widely used 20 herbicide dimethenamid (DM). DM was selected for study because this molecule: (1) has been identified in surface waters, 21 as well as in finished DW; 22 (2) was previously demonstrated to react with FAC and free bromine to yield electrophilic aromatic substitution products in high yield; 18, 23 O and BrOCl were computed using quantum chemistry. By quantifying the reactivities of several bromine species (as opposed to only HOBr), the current work provides a more comprehensive framework with which to assess bromination rates of DBP precursors.
■ EXPERIMENTAL SECTION
A description of reagents, including standardization of and measurements of chloride in FAC solutions is provided in Supporting Information (Table S1) .
Kinetic Experiments. Figure S1 of the Supporting Information. Experiments were also performed in which buffer concentrations were varied from 6 to 60 mM. The concentration of borate buffer had no discernible influence on rates of DM bromination ( Figure S2 of the Supporting Information). Bromination rates did, however, increase with increasing phosphate concentration ( Figure S2 ), as discussed further in the Supporting Information. To avoid this complication, all experiments discussed hereafter were performed in borate buffer.
Analysis of DM and Transformation Products. Qualitative analysis of toluene extracts was performed on a gas chromatograph (GC) interfaced with a mass spectrometer (MS). A single product (BDM, Scheme 1) was observed in all extracts. The analogous chlorinated product of DM was not observed, which is consistent with the generally lower halogenation reactivity of chlorine versus bromine. 24 Quantitative analysis of DM and BDM was performed by analyzing toluene extracts on a GC with a microelectron capture detector. Additional details of the GC methods are provided in Figure S3 of the Supporting Information). Reactions could be monitored to completion, and reaction rates could be described by:
Reaction rate constants (k obs ) were calculated from the slopes of ln [DM] versus time plots; these plots were consistently linear through at least three half-lives (data not shown), indicating that reactions were first-order in [DM] .
Equilibrium Constants for Br 2 O, BrOCl, and Cl 2 O. Equilibrium constants (K eq ) have been reported previously 25 for the aqueous-phase formation of Cl 2 O (eq 7) but not for Br 2 O (eq 4) or BrOCl (eq 5).
Equilibrium constants for eqs 4, 5, and 7 were determined using benchmark-quality quantum chemistry methods, described below. Calculations for Cl 2 O were included to permit method validation. Although kinetic experiments were performed at 20°C (to permit comparisons with previous work 9, 10 ), quantum computations of equilibrium constants assume 25°C, because the solvation-modeling protocol only treats solutes at 25°C. This temperature discrepancy is estimated to contribute ≤10% uncertainty for K 4 and K 5 (Supporting Information).
Previous theoretical work 26−28 indicates that core−valence electron correlation effects and electronic relativistic effects contribute significantly to the enthalpy of formation for oxides of chlorine and bromine. Additionally, post-CCSD(T) excitations contribute to total atomization energies of some chlorine oxides 27 and therefore post-CCSD(T) contributions may also be expected for bromine analogues. Second-order molecular spin−orbit contributions to the atomization energies have been shown to vary by <1 kJ/mol among the diatomic series HBr, FBr, and ClBr; 29 therefore this effect was estimated to contribute <1 kJ/mol to the enthalpies of homodesmic reactions 4, 5, and 7.
On the basis of these considerations, we computed gas-phase thermochemistry using high-quality theoretical calculations expected to have kJ/mol-level prediction skill 27 softwares, as follows. Geometries were optimized using all-electron CCSD(T) 35 with the aug-cc-pVTZ basis set 36−38 or were taken from theoretical benchmarks. 27, 39 On these geometries, electronic energies were computed using CCSD(T) extrapolated to infinite basis set 40 with aug-cc-pVQZ and aug-cc-pV5Z 36−38 and were corrected for higher order CCSDT, 41, 42 CCSDT(Q), 43 and CCSDTQ 44 excitations using cc-pVQZ, cc-pVQZ, and cc-pVDZ, respectively. 30, 40, 45 Core/valence correlation effects were computed using CCSD(T)/aug-cc-pwCVQZ. 46 ,47 Scalar relativistic effects were evaluated 48, 49 using CCSD(T)/aug-cc-pV5Z-DK. 50 Rotational constants were calculated from all-electron CCSD(T)/ aug-cc-pCVTZ geometries. Frequencies were obtained via an additivity approximation 31 to the anharmonic, core-correlated CCSD(T)/aug-cc-pCVQZ result. Gas-phase results were then adjusted for aqueous solvation effects using a variant of the clustercontinuum approach. 51 The resulting computed aqueous equilibrium constants for eqs 4, 5, and 7 were expected to have factor-oftwo uncertainty (all uncertainty estimates herein denote 95% confidence intervals). These methods are explained further in section 7 and Table S3 of the Supporting Information.
■ RESULTS AND DISCUSSION
Quantum-Computed Equilibrium Constants. Computed thermochemical parameters for the gas-phase and aqueous-phase hydration of Br 2 O, BrOCl, and Cl 2 O (eqs 4, 5, and 7, respectively) are provided in Table 1 
where k app is a pH-dependent apparent rate coefficient. Values for n were determined via linear regressions of log(k obs ) versus log([HOBr] T ) under several solution conditions; results are summarized in Figure S4 of 59 For example, in natural waters, it is conceivable that higher doses of FAC may result in an increased extent of (re)oxidation of bromide (which could be generated were HOBr to react with certain reductants).
Another potential explanation for observed rate enhancements with increasing [FAC] o is general-acid catalysis by HOCl. Phosphate buffer was shown to catalyze DM bromination ( Figure S2 Figure 3 . Under all conditions, k obs values increase with decreasing pH. In the absence of added Cl − , k obs values continue to increase even at pH values well below 8.7 (the pK a of HOBr). This may result from specific-acid catalysis or from reactions with BrCl (generated from low levels of Cl − present in reaction solutions). We present evidence in Figures S5 and S6 of the Supporting Information indicating specific-acid catalysis does not appreciably influence bromination rates in our systems.
To explore the potential influence of BrCl in this pH range, measurements of k obs were made as a function of pH in reactors amended with Cl − (10 mM). In these systems, a rate enhancement is observed at pH ≤ 8.5 (Figure 3 In reactors amended with 0.10 mM of excess Br − , a rate enhancement is also observed at pH ≤ 8.5 (Figure 3) Figure 3 (insert). The HOBronly model underpredicts k obs at pH < 8.5 and overpredicts k obs at pH > 8.5. Inclusion of BrCl (HOBr + BrCl model in Figure 3 ) provides improved fits to the data at pH < 8.5, consistent with BrCl serving as an active brominating agent. Inclusion of BrCl does not, however, improve model fits at pH > 8.5. A steeper slope (−1.3) is observed from pH 9.0 to 10.0 than is predicted by the HOBr model (−1). If BrCl, BrOCl, or Br 2 O were the predominant brominating agent in the pH 9−10 range, a slope approaching −2 is anticipated (Figure 1) . That the slope does not appreciably change in the pH 9−10 range upon addition of 10 mM Cl − (Figure 3) suggests that BrCl is unimportant under these conditions. Br 2 O and/or BrOCl may, however, be influencing k obs in this pH range.
Attempts were made to model our data (including no added Cl − , 10 mM Cl − and 0.10 mM excess Br − ) assuming the following reactivity model: 2 (eq 4): we anticipate OBr − to be a weaker brominating agent than HOBr. Model predictions from eq 10 provide good fits to all three data sets in Figure 3 (solid lines) .
Rate constants for reaction of DM with brominating (current work) and chlorinating 18 agents are summarized in Table 2 . The reactivity trend among halogenating agents for which secondorder rate constants can be calculated is: HOCl < HOBr < Br 2 O < Cl 2 ≈ Cl 2 O < BrOCl ≈ Br 2 < BrCl. Voudrias and Reinhard 9 observed a similar trend for halogenation of p-xylene: HOCl ≪ HOBr < Br 2 < Cl 2 ≈ Cl 2 O < BrCl, differing mainly in the relative importance of Br 2 . Br 2 O and BrOCl were reportedly unimportant under the conditions (pH 2.5−7.5) examined by Voudrias and Reinhard. The reactivity trend among brominating and chlorinating agents suggests that both nucleofugality (leaving group ability) and polarizability can influence reaction rates. For example, even though O−Br bond breaking is involved when HOBr, BrOCl, and Br 2 O serve as brominating agents, the reactivity trend HOBr < Br 2 O < BrOCl is consistent with the anticipated trend in leaving group abilities: OH − < OBr − < OCl − . The increased reactivity of HOBr relative to HOCl is likely due to the lesser bond dissociation energy (BDE) at 25°C of O−Br (homolytic BDE = 235 kJ/mol, ref 61) relative to O−Cl (269 kJ/mol, ref 61) , assuming trends in heterolytic BDEs parallel those in homolytic BDEs. The greater polarizability and greater partial positive halogen charge of HOBr may also elevate halogenation rates compared to HOCl. Increases in polarizability among electrophiles can facilitate formation of precursor complexes with electron-rich moieties and subsequently increase halogenation rates. 60 Polarizability and bond energy arguments can also explain the increased reactivity of BrCl (BDE = 219 kJ/mol, ref 61) relative to Cl 2 (BDE = 242 kJ/mol, ref 61) . The greater polarizability of Br 2 likely contributes to its greater reactivity relative to Cl 2 . Voudrias and Reinhard, 9 however, found Br 2 to be ∼200 times less intrinsically reactive than Cl 2 in reactions with p-xylene, which conflicts with the general finding of brominating agents being more intrinsically reactive than chlorinating agents. As bromine atoms are larger than chlorine atoms, steric effects may also influence the relative rates of bromination versus chlorination.
Brominating agents react much more rapidly with DM than with p-xylene. Bromination rate constants with DM are at least a factor of 1.5 × 10 5 greater than with p-xylene (Table 2 ) suggesting that the substituted thiophene group of DM is more nucleophilic than p-xylene.
Environmental Significance. 64 Moreover, in laboratory studies generating HOBr via ozonation of bromide, yields of ∼95% have been reported. 65 In such solutions, Br 2 could potentially form via reactions of HOBr with any unoxidized bromide (eq 3). As Br 2 may be three or 4 orders of magnitude more reactive than HOBr ( HOBr] ), the extent to which BrOCl influences overall rates of bromination will determine the sensitivity of these processes to chlorine dose. We previously demonstrated that chlorination rates of DM 18 and of three aromatic ethers 19 were subject to chloride catalysis via formation of Cl 2. The current work reveals that chloride can also serve as a potent catalyst of bromination via formation of BrCl. Chloride is commonly viewed as an inert constituent during water treatment operations. Yet our findings indicate that even modest increases in [Cl − ] (e.g., due to coagulant dosing with FeCl 3 ) can increase rates of DM chlorination and bromination by factors of 3 and 9, respectively, at pH 7 ( Figure 5 ). Even greater rate enhancements are anticipated at pH <7. 
